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We have studied the stimulated emission from an optically pumped graded index separate confinement
heterostructure, realized in the form of a metal-organic vapor-phase-epitaxy-grown single quantum well based
on a wide-gapZnCdSe semiconductor. The structure is composed of a centrgldZd, ,,.Se quantum well
sandwiched between two thicker, zinc-ri€CBnCdSe layers with a graded cadmium composition varying
continuously and monotonously between 0% and 5%. The stimulated emission occurreti48teV (T
=8.5 K), being spectrally redshifted with increasing temperature and disappearifig-200 K. The optical
gain has been measured using the variable stripe-length method, and values of the gain up to'62vem
been achieved. High-resolution spectral studies of the stimulated emission have revealed a fine structure in the
emission spectra originating from different localization sites for excitons. We identify the lasing mechanism as
due to an inhomogeneously broadened system of localized exdi8dik63-182808)04320-3

[. INTRODUCTION feasibility of obtaining stimulated emission and positive net
gain under optical pumping. Second, to contribute to clarify-
One stage of the search for blue-green semiconductdhg nature of recombination processes which govern stimu-
light emitters was successfully completed some time ago biated emission in QW's based on II-VI semiconductors,
finding the way how to realizusing molecular-beam epi- Where various models have been proposéfiOur prelimi-
taxy (MBE)] p doping of the wide-band-gap 11-VI semicon- nary results on the stimulated emission in a MOVPE-grown
ductor ZnSe. Structures based on ZnSe have become of igRINSCH Zn_,Cd,Se/ZnSe single QW were published in

creasing technological importance as potential candidates fépef. 11. ) ] ) )
fabrication of blue-green laser diodks. The paper is organized as follows. Section Il describes

Modern semiconductor epitaxy is not restricted to Sophis_experimenta_l methods aqd relevant (_experimental arrange-
ticated MBE. but other methods like the low-cost metal-MeNts- Section Il deals with the experimental results: trans-

: : fer of the optical excitation energy into the Qi8ec. Il A),
(l\)/lrg?/n;cE Vr?(l)av(\)/revper;ai?]eengléae)t(gwao(;i/f?iaItar; ?eta::;:d' h?z; properties of the stimulated emission studied with the aid of
! ' . . Y 9 VY a variable stripe-length metha@®ecs. 111 B and Il G and
p doping and, therefore, p-n junction and laser structures

. ; . discussion of extracted optical gain profiec. Ill D). Sec-
in 11-VI materials, despite progress reported receffyOn tion IV is devoted to a discussion of the results.

the other hand, MOVPE is a suitable method for preparation
of graded index separate confinement heterostructures
(GRINSCH), in which a single quantum we{QW) is sand-
wiched between two layers with a monotonously varying
energy gap, aimed at better confining of excitons and/or car- The sample used in this study was single, Z&d, ,,.Se
riers as well as photons in the QW, and at achieving th&QW of 8-nm thickness grown by low-pressure MOVPE us-
lowest threshold current for lasing when operated under eledng hydrogen selenide, triethyl-amine-dimethyl zinc, and
trical carrier injectiorf: dimethyl cadmium as precursors. On each side of the QW,
In this paper we experimentally study a singlelayers of (Zn,CdSe zinc-rich alloy have been deposited,
Zng 7Ly .56 QW sandwiched between tw@n,CdSe  with a graded cadmium composition continuously and mo-
zinc-rich alloy layers with a graded cadmium composition,notonously varying between 0% and 5% of cadmium, the
varying from 0% to 5%. The aim of our investigation is thickness of these being 450 and 350 (see Fig. 1 This
basically twofold. First, to study application-related proper-improves the photon confinement and the efficiency of car-
ties of the QW, like photoluminescence behavior, and theaier collection in the QW. A buffer layer of 300 nm of ZnSe

Il. EXPERIMENTAL DETAILS
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is grown onto a GaAs$100 epitaxy substrate prior the depo- a)
sition of the Zn ,{dy,Se QW and the cladding layers. b eV
Cleaved faces define a cavity length of 6Q6n [see ®
Fig. 1(0)]. 27 fznse ZnSe
The investigation of stimulated emission has been per- Zn5,95Cdy 055¢
formed by using a pulsed XeCl excimer laggitraviolet 2.65 |1

pulses 308 nm with a duration ef 15 ns, at a 5-Hz repeti-
tion rate. The laser pulses were focused onto the sample
with a cylindrical lens into a stripe of about 20m width

and of variable lengtfi0—600.m).*? The maximum excita- 25 | "
tion power density on the sample was 300 kWicithe light > <
emitted by the QW emerged from the cleaved edge of the 1.5 i Zn0-7l§£d0223° ﬁ
sample in a direction perpendicular to the exciting beam, it P >
was dispersed by a monochromator and detected by a reticon ' 350 nm 8In1|n 450nm  '300 nm '
camera(with the spectral resolution of~0.05 me\). The

measurements were performed in the 8—300-K temperature o

range, using a continuous helium flow cryostat. b)

[ll. EXPERIMENTAL RESULTS

A. Delivery of optical excitation energy into the QW

Pumping pulses of 308 nm, being absorbed strongly in the
cap 350-nm-thick layer ofZnCdSe, created exciton®@-h
pairg are transported by drift and diffusion into the central
QW and recombine there, giving rise to spontaneous and C)
stimulated emissions. The excitons are expected to travel to
the QW with a one-dimensional current density

IN(X)

j(x)=—D o

+ uFN(X), (1)

4

emission

excitation

wherex denotes the direction perpendicular to the surface
[Fig. 1(b)], the first term on the right-hand side is due to
exciton diffusion, and the second one arises from a driving 600 pm
force F=—dEg/dx that results from the energy-gap gradi-
ent in the capZn,CdSe layer. In Eq(1), D stands for the FIG. 1. (a) Schematic sketch of the GRINSCH desigh) A
exciton diffusion coefficient, N(x) denotes the(three- scheme for the calculation of the exciton transp@s}.The geom-
dimensional exciton concentration, ang the exciton mo-  etry of the experiment to measure the optical gain.
bility.

We wish now to estimate the resulting exciton density in
the QW. Supposing the validity of the Einstein relatibn  where the first term on the right-hand side describes the op-
= kT (KT is the usual Boltzmanns factoand taking into tjcal creation of excitons with the excimer laser of intensity
consideration thaF~0.215 meV/nm is fixed by the design (4 andR stand for the absorption coefficient and reflectivity
of our QW,*® we have to calculate at first the functidl{x).  at 308 nm, the second term is due to exciton recombination

A rate equation governing the process of exciton creation; is the exciton lifetimg and the last two terms originate
travel, and recombination in th&n,CdSe cap layer can be from Eq. (1), describing exciton movement from the excited
written in the form surface to the QW. We consider a stationary casg=0,

because the pump laser pulse duratierl5 ns is much
longer than exciton lifetime#~10" %0 s) 14
The solution of Eq.(2) is straightforward. We use the

IN(X,t) _a N(X1) IN(Xx,t) boundary conditiondl(x—)=0 andj(x=0)=0. The sec-
0= a(l-R)je - ———uF —> ond boundary condition means that excitons can neither
5 leave the sample nor penetrate into the sample from outside,
D I°N(x,1) @ and it implies F(x=0)=0, dN(x)/dX|x—o=0. We obtain
x> (for x>0)
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FIG. 2. Emission intensity as a function of the stripe length for the bath temperatutas&?%b K and(b) 70 K.

N(X) a(1-R)J o=N(d)2a,, (5)
E_ 2D — ﬂ whered= 350 nm is the distance of the QW from the sample
T KT surface and 2,=8 nm is the QW thicknes§a, being the
exciton radiug For T=10 K, an excitation power density of
% @ — 150 kwW/enf (i.e.,J=2.3x 10?3 cm 2s™1), and a reflectivity
L N 4k 7 R=0.25 (Ref. 15, we obtain, with the aid of Eqg4) and
2kT DrF? (5), 0=2.5x 10" cm™2 Let us stress that this upper limit of

o is still below the Mott density of similar QW structures

[3x10% cm 2 (Ref. 7 and in 5.x10"% cm 2 (Ref. 6)].

Moreover, the increase in lattice temperature as well as the

heating of the exciton gas owing to intense pump pulses

[Secs. lII B and Il D can lead in the framework of our
3) model[Eg. (3)] only to a decrease di(d) and, therefore, to

We wish to estimate the upper limit of exciton concentration2 decrease of.

in the QW before the lasing starts. To this goal we shall It is now of interest to compare relative contributions of
consider rather high exciton diffusion constar®  the drift j(X)gir=xFN(x) and the diffusion j(X)g
=10 cn/s. In this case Eq(3) can simplify substantially, = —DdN(x)/dx current densities in Eq1). By using Eg.
since for F~0.215< 10° meVicm, a~2x10° cm™! (Ref.  (4), it is easy to obtain a ratip(X) 4t /j (X) gt in the form

15), 7~10 °s (Ref. 14, and T<70K the relations ¢°D
+aDF/kT)>7"1 and 4kT)?%/(DrF?)<1 hold, and there-

F [, 4(kT)?\ M2 L
R T | P D) T

x] +e X

j(X)drift . D’TF2 (1 kTX)
fore we have(using an approximatiog/(1+a)—1~a/2 for j(Qgr (kT)? DrF)
a<1) For T=10 K and the values of the other parameters given
a(1-R)I7 KTx above, j (X) giire /] (X) giz>1. Therefore, it turns out that the
N(x)~ ( - ) (4)  drift current(due to the compositional graded cap layisr
akT D7k much more important than the diffusion current in our ex-

F perimental conditions.

Considering that the lifetime of excitons in the QW is equal
to that in the cap layefwhich is again an upper limit since
lifetime shortening is expected for increasing wavefunction An unambiguous piece of evidence for the existence of
overlap of the electrons and holes in the QWe easily stimulated emission from our sample at low temperatures
calculate the resulting two-dimensional densitpf excitons (8.5 and 70 K (Ref. 16 is given in Fig. 2, where the emis-
in the QW as sion intensity is displayed as a function of the excited stripe

B. Spectrally integrated stimulated emission from the QW
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length. In the variable stripe-length method, part of the spon- Energy (eV)
taneous luminescent radiation with the spontaneous emission 252 25 248 246 2.44
rate per unite volumég,, propagates along the stripe axis, ‘ ‘ T ' ‘
and is amplified in the excited region by stimulated emission, [ 2.490 eV
and the light intensity at the output, is linked with the 2.486 eV
stripe (excited regiop length| by a relatior? 6l 70 K
J
Jsﬁm=%"*\ [expgh)—1], (6)

where A is the cross-sectional area of the excited volume,
andg is the net optical gaifgain due to stimulated emission
minus optical loss Therefore, the exponential variati¢for
gl>1) of the light output with increasing shown in Fig. 2

by full lines, proves the existence of stimulated emission,
and from the slope dlg;,, (on log scal¢ against the values

of the optical gain can be easily extracted. Let us note that =t

the onset of the stimulated emission could easily be checked

with the naked eye: an extremely bright blue-green spot sud- I

denly appeared at the facet of the sample. I 600 pm
For largel, saturation of the emission intensity in Fig. 2 I 574 pm

I =17 kW/em’

Emission intensity (arb. units)
S

[\
T

can be clearly seen. Such a saturation is due to exhaustion of | 539 pm
excited radiative centers and leads to only linear variation of 0'_ 504 um
the light output with stripe length for long enough stripes RN ' e
(see the dashed lines in Figl. However, noticeable devia- 490 495 500 505
tions from these linear variations in the form of “notches” Wavelength (nm)

can be recognized, especially Bf,=70 K [Fig. 2(b)]. The

origin of these deviations is probably linked with the spectral FIG. 3. Evolution of the emission spectrum with increasing
composition of the amplified emission. We will come back stripe length(T,,=70 K, excitation intensity 17 kW/cf

to this point below. Another interesting feature in Fig. 2 is

that the optical gain at 70 K is higher than at 8.5 K. fluctuations and random well thickness variations. The rea-

son for exciton persistence in 1I-VI QW systems is that, un-
like IlI-V semiconductors, the binding energy of quasi-2D
Figure 3 displays the emission spectra taken aexcitons can exceed the LO-phonon enéhgithus avoiding
Tpat=70 K under 17-kW/crh excitation intensity for vari- exciton dissociation and stabilizing the exciton system
ous excited stripe lengths. The threshold of the stimulate@gainst electron-hole plasma formation. Such a system
emission, characterized by a sudden narrowing of the emissauses inhomogeneous broadening of the exciton line shape
sion line, can be clearly seen. It is worth mentioning that theas a result of a Gaussian-like energy distribution of localized
spectra given in Fig. 3 correspond to the last few poitite  exciton states. Once photocreated, excitons begin to occupy
longest stripe lengthson the curve denoted 17 kW/énin  preferentially the deepest local band-gap minifttaus re-
Fig. 2(b), where the starting superlinear increase of the emissembling a Fermi-like systernand their recombination ra-
sion intensity indicates just the onset of the positive net gaindiation is expected to occur in the low-energy tail of the
It is important to note that the stimulated emission arisesabsorption and/or reflection resonance.
directly within the spontaneous simple spectral line profile Indeed, the lack of a “doublet structure” in our sponta-
peaked at 2.486 eV, i.e., there is no indication of any newneous as well as stimulated emission spectra strongly dis-
emission line appearing with increasing stripe length, whichqualifies the free excitonic molecule as well as the free
could represent the opening of a radiative channel. exciton-exciton scattering and the free-exciton—LO-phonon
What is the origin of the spontaneous emission band3cattering mechanisms from participating in optical gain for-
Low-temperature wavelength derivative reflectivity measure-mation in our case, because all of them are characterized by
ments have revealed that the lowest exciton structure in a separate spectral feature well below the exciton
Zny 76Cth 2,5e/ZnSe quantum well is located at about 2.52resonancé® In addition, we have observed virtually no red-
eV} Therefore, the spontaneouas well as stimulated shift of the stimulated emission by increasing the excitation
emission occurs in the low-energy tail of tme=1 heavy- intensity even by an order of magnitutfeThis eliminates in
hole (HH) exciton resonance. Both observations describecddition the mechanism of the electron-hole plasma radiative
above(the onset of the stimulated emission directly from therecombination.
spontaneous line profile and the spectral location of the We performed a detailed high-resolution study of the
stimulated emission on the low-energy wing of the 1 HH  stimulated emission. An example is given in Fig. 4, which
exciton resonangebear a close resemblance to the results ofdisplays variations of the spectral shape with the stripe-
Ding and co-workers? who prescribed the light emission length at Ty,=70 K and T,,;=8.5K. A fine structure,
and lasing in Zp_,Cd,Se/ZnSe quantum wells to a system modulated upon a wider backgroupd 10 meV full width at
of excitons localized in the well due to alloy compositional half maximum(FWHM)], can be clearly recognized.

C. Spectrally resolved stimulated emission
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FIG. 4. Stimulated emission spectra vs the stripe length, taken under the pump intensity of 15G:ki&drath temperature 70 Kb)
bath temperature 8.5 K.

What is the origin of this fine structure? We can certainlypears forT,,;=200 K. The decrease in intensity with in-
eliminate cavity modes becauégfar from the full length of  creasing temperature is accompanied with a line-shape
the sampleonly 250 um from 600 um) was photoexcited, broadening. A remarkable feature of the specttat can
and (i) the fine structure develops in a somewhat irregularalso be noticed in Fig.)Sis that their low-energy sides are
way by increasing the stripe length. Rather, we believe thagmooth while the high-energy sides are distinctly structured.
the fine structure represents individual homogeneously All these attributes, shown in more detail in Figb§
broadened contributions of the localized excitons: The ircould perhaps be plausibly explained again in terms of lasing
regularities in the spectral structure development reflect @ue to inhomogeneously broadened localized exciton reso-
(spatially irregular distribution of excitonic traps. nance: The localized excitons fill up the low-energy wing of

Direct support to this interpretation can be obtained bythe Gaussian absorption profile. The increase in homoge-
comparing Figs. 2 and 5. In particular, the “dips” on the neous linewidth of the individual components with
curves displayed in Fig.(B) are very likely germane to dis- temperatur results in their stronger overlapping and en-
tinct modifications in the spectral profile of the stimulated hanced reabsorption, as shown schematically in inset of Fig.
emission, as demonstrated in Fig. 5. For instance, the devig(b). Predominantly high-energy photons undergo the reab-
tion from the expected linear variation—dashed line—in Fig.sorption(because higher excited states are less occypied
2(b), occurring at 50 kW/crfor stripe lengths=450um,  this way causing an evident “cutting out” of the high-energy
seems to be correlated with “switching over” the peak pho-side of the spectrum, and an accentuation of its structure. In
ton energy fromhv;~2.489 eV tohv,~2.487 eV[see Fig. the high-temperature limit this leads finally to homogeneous
5(a)]. We prescribe this observation to a terraced variation inine broadening, when the lasing system passes over from a
the QW thickness by several atomic layers at a givenxgite  three-energy-level to a two-energy-level schefesciton
Let us suppose that the gain on photon endrgyattains its  states from which the gain is possible plus the ground
equilibrium value for stripe lengthis>x, in the “narrower”  statg.'® It is well known that in a two-level excitonic system
part of the QW, then saturates, and the light output increasedasing cannot be achieved without the participation of a third
henceforth only linearly with increasinlg For high enough particle?® and this is consistent with our observation: Stimu-
I=14(>Xo) the reabsorption of the low-energy wing of the lated emission vanishes &j.,;,=200 K, and the homoge-
stimulated emission altiv,, that happens in the “wider” neous broadening due to exciton—LO-phonon interaction, be-
part of the QW [<x,) and contributes to its photopumping, comes a prevailing factor beyofid=200 K as shown in Sec.
results in attainment of population inversion in this QW part, 11l D.
and photons leaving the sample facet have endigy
<hV1.

The entire process manifests itself as a discontinuiiy) ] ] ] )
at a given value of the stripe lengthon the curve emission ~_The spectral profile of the optical gag{E) is one of the
intensity vs stripe length, due to the gain onsetas and its prmmpal characte_rlstlcs of a lasing medium. We extract an
fast saturation (I,~450um for a pump intensity of experimentaf(E) in the usual way from two emission spec-
50 kw/cn?). It is intuitively clear that such a dip will shiftto  tra lsimi(E). Isim2(E), measured for two different stripe
higher values of, with decreasing laser pump power den- lengthsl; andl,, with the aid of the relation
sity, and this is exactly what can be seen in Figb) 2nd 5.

Let us now discuss the effect of temperature on the emis- lsimi(E)  exdg(E)l ]—1
sion spectra. Evolution of the stimulated emission spectrum lim(E)  exdg(E)l,]—1"
with temperature variation is displayed in Figap The peak
photon energy undergoes a redshjftincipally due to the that follows immediately from Eq(6). Care has been taken
band-gap shijt and lasing is gradually weakened and disap-to take valued; and |, from the nonsaturated region. An

D. Gain profile

@)
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FIG. 6. (a) Overall view on the evolution of the stimulated emis-
sion spectra as a function of the bath temperature. The pump inten-

FIG. 5. Stimulated emission spectra vs the stripe length, taken ality is 300 kW/cm. The anchored line of the spectra at 200 K is the
a bath temperature of 70 K féa) a pump intensity of 50 kW/cfa  spontaneous Iujminescence muijltiplied by 16) Selected stimu-
and (b) a pump intensity of 30 kW/cfn lated emission spectra from). The inset schematically shows the
increase in homogeneous linewidth with increasing bath tempera-
ture, which leads to a quenching of the stimulated emission; see
text.

example demonstrating the evolution @fE) when going
from 30 to 150 kW/crh at Tp=70 K is shown in Fig. 7
(pointg. To compare this experimental result with a theoret-

ical gain profile, we make use of the relatfon to the short exciton lifetime the distribution of localized ex-

citons is described by an effective exciton temperailye
1 >T (lattice temperatupe The effective temperature can be
e(E—w)/KTeii 4 q ' found from fitting the high-energy wing of the spontaneous
(8)  emission spectrum, which is described by a Boltzmann dis-
_ . _ tribution ~e~M/kTei |In this way we obtainT (150 kW/
tha}t holds in the .I|m|t of an ex_trgme mhomogeneoqs broadbmz)zzm K, Ter(50 KW/cnP)=180 K, T (30 kw/cn?)
ening, and describes a “Fermi-like” system of localized ex- =160 K, andT.(17 kW/cn?)=140 K [see an example for
citons occupying successively higher and higher exciteqt7 kW/c,n'? casgﬁin the inset in Fig.(3)].
'fs_;[ates within the Gausfs%fnr:jhomoger;]eous Ilng;jgha%e Pro- we take the general distribution function of the localized
e D.i(E)' _In Eq. (8), .(E) enotes the Fe_rm| Istribution excitonsD(E) as a normalized Gaussian profile, with the
function, i is the chemical potential, anfl; is an effective ;
. FWHM given as
temperature of the exciton system.

9(E)=Di(E)[2f(E)—1]=Di(E)

To calculateg(E) on the basis of Eq(8), values ofT I'o
and of the Fermi level, and the functiorD;(E) have to be I'=Co+ gogmr—1: )

known. Since in our case we excite highly above the band
gap, we have to consider that the excitons thermalize, givingrthere I' ;=36 meV (Ref. 6 and fiw, o=31.3 meV (Ref.
rise to a moderate lattice heating, also, more importantly, du&7). We shall show shortly thab(E)~D;(E) under our
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1000

though increasing filling up of the Gaussian profile should
lead rather to a blueshift. We attribute this redshift to the
lattice heating mentioned above. For 150 kWicithe shift
amounts to about 6 meV, and corresponds to an increase in
the lattice temperaturd by about=~12 K (from a bath tem-

“‘ perature from 70 K to-82 K), as inferred from the tempera-
hv ture dependence of the fundamental gap in _Z&d,Se
alloys?? To achieve a final good fit to experimental gain
profiles, the calculated curves were shifted horizontally on
the energy axis according to the actual spectral positions of
a) the experimental ones.

Second, the values of the FWHM calculated with the aid
of Eq. (9) (taking into consideration even the minor lattice
heating amount to<6.5 meV. This means that the site dis-
tribution functionD (E) is basically still governed by inho-
¢ mogeneous broadenind’§=6 meV), i.e.,D(E)~D;(E),
and we have a right to use E®) to evaluateg(E). At the
same time, it follows from Eq(9) that for T=200 K the
parameted” (FWHM) attains values=13 meV>2I",, and
the homogeneous broadening thus becomes a prevailing fac-
tor.

800

oo
log spont. emission

* o

600 -

400+

200}

=)
»
Jo

Gain (cm l)

S

(=]

S
=5
N’

200+

IV. DISCUSSION

The single Zg ;{Cdy »,.5e/ZnSe GRINSCH QW studied in
the present work exhibits stimulated emission with relatively
very high optical gain(up to ~600 cmi' at Tp,4=70 K),
much the same or even higher in comparison with multiple
200 ZnSe/CdSe QW structuré<;**2% although it is somewhat
o difficult to make a direct comparison because of different
- oo experimental conditions. We explain the origin of the gain as
0 y et due to an inhomogeneously broadened system of localized

2.48 2.50 excitons. The localization occurs in local potential minima
Energy (eV) arising as a result of compositional disorder and variations in
the QW thickness. In Sec. Ill, we enumerated the main ex-

FIG. 7. Experimentalpointg and theoreticalfull lines) gain . tal ob fi leading to the ab ti di
profiles. The theoretical curves have been calculated according tg}rgrrg?;tiin? servations feading fo the above-mentioned in-

Eqg. (8). For parameters of the calculation, see text. The experimen--"" . e - .
tal data have been measured under pump intensities(aof (i) There is no indication of any new emission line below

150 KW/cn?, (b) 50 kW/cn?, and (c) 30 KW/cn?. The bath tem-  €XCiton resonance linked with the onset of the stimulated
peratureT,,+=70 K. The inset demonstrates the extraction of the€Mission. The stimulated emission emerges from the low-

effective temperaturd o of the exciton gas from the spontaneous €Nergy vying of the spor_wtaneous emission l{Re. 3_)-
emission line shape. (i) Stimulated emission spectra are characterized by no-

ticeable irregular fine structure, representing individual ho-
experimental conditions. The remaining two variable parammogeneously broadened contributions of the localization
eters to calculatgg(E) are thusI'y (the inhomogeneous sites(Fig. 4).
broadening and u. The experimentally observed relatively  (iii) Behavior of the stimulated emission as a function of
narrow widths of the gain curve§ig. 7) act as a strongly the temperaturéFig. 6): the increasing weight of homoge-
limiting factor for the choice of’y. We then arrive at the neous broadening with increasing temperature ldatisng
best theoretical modeling of the experimental gain curvesvith obvious luminescence thermal quenching a loss of
(see the full lines in Fig. J7by fixing I'y=6 meV and taking lasing.
the following values ofu with respect to the center of the It is worth mentioning that the widening of the gain pro-
distribution functionD (E): w(30 kW/cn?)=—0.3899 meV, file with increasing photoinjectioriFig. 7) is also in full
w(50 kW/cn?)=0.50037 meV, angi(150 kW/cnf)=5.8297  conformity with the scenario of higher filling of the inhomo-
meV. Let us note that the filling factor of the distribution geneous Gaussian distributig¢ar shift of the chemical po-
functionD(E) in the case of 150-kW/cfrpumping intensity  tential « to higher energigs Of course, we observe qualita-
equals~0.58, i.e., we fill up approximately one-half of the tively the same picture for free-carrier plasma lasing.,
sites available for exciton localization. increase in the gain width with increasing photoinjectidn

Good agreement between the experimg@uainty and the the case of a two-dimensional plasma, however, the plasma

calculated gain curvedull lines) can be seen in Fig. 7. Two chemical potential should vary linearly with the photoinjec-
items have to be clarified here. First, there is clearly a redtion level?* and this would imply a much more pronounced
shift of the gain curves with increasing pump intensity, al-increase in gain width than that shown in Fig. 7. On the other
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hand, the redshift in gaitin Fig. 7) could seemingly indicate the region of the second gain; nevertheless the relevant emis-
gap shrinkage due to the plasma occurrence, but free-carrision intensities are higher. The authors explain these obser-
plasma emission is expected to be found here onhtgh-  vations by invoking two different gain mechanisn(g:exci-
energyside of the exciton resonance, due to exciton localton immediate localization in the localized states with a
ization. The redshift just mentioned arises therefore as a corGaussian distributiofthe first gain, and(ii) exciton-exciton
sequence of the sample heating. This lattice heating is due foelastic scattering that is resonantly enhanced due to the
fast thermalization of hot excitons via LO-phonon emission.presence of the localized statgke second gajn
The elevated lattice temperature is to be distinguished from A question arises as to whether we are able to identify our
the effective temperatureél'(«) describing the distribution of gain measurements with the first or second gain mechanism
localized excitons. Another argument against dominant freementioned above. To answer this question, we wish to point
carrier plasma participation in a lasing mechanism is theout that the results of Ref. 27 show a clear tendency to mini-
presence of the fine structure on the high-energy wing of thenize the differences between the first and second gain re-
stimulated emission, even under the highest photoinjectiogions (it means shifting the second gain region toward the
level of 300 kW/cm (Fig. 6). first gain region with increasing gain values, i.e., with in-

These results are in qualitative agreement with recent obsreasing quality of the sample. It can be expected that the
servations on exciton localization in Zn .Cd,Se/ZnSe mul- both gain regions “merge” together in the limit of samples
tiple QW: In highx samples with relatively deep wellx  of high enough gains, i.e., the second gain mechanism no
~0.2-0.3, i.e., including our QW witlx=0.22, exciton longer appears. The gain values measured in the present
localization manifests itself in photoluminescence dynamicsyork are comparable with those of the samples in Ref. 27,
while in shallow wells with lowx (x~0.1) the density of which implies that the GRINSCH structure used in the
localization centersNp is low, their occupation is rapidly present work is of the same quality as the series of samples
saturated, and exciton screening and an electron-hole plasnfaRef. 27. Therefore, in our case the gain mechanism can be
formation follow®?® However, we find no quantitative clearly identified(except the case of very low pump intensi-
agreement concerning the magnitude of localization centelies with the so-called first gain, whose mechanism in fact
density:Np was found to be %10 cm 2 for x=0.23 in  we invoke to interpret our results throughout the paper.
Ref. 9, but in the present work we observe no saturation up
to ~10%cm™2 exciton concentration. V. SUMMARY AND CONCLUSIONS

Another puzzling point at first sight is the fact that we
observe a lower net gain at 8.5 K than at 7qd¢e Fig. 2
Because of the temperature increase which causes “washing In summary, we have presented a detailed study of the
out” of the Fermi distributionf(E) in the vicinity of the  stimulated emission and optical gain in t&nCdSe/ZnSe
Fermi level, an expected trivial consequence is less effectiv6éRINSCH single QW. Although very intense stimulated
overlapping ofD;(E) with {2 f(E)—1} in Eqg. (8) and, con- emission has been observed at low temperat(masnly in
sequently, a lower gain at higher temperatures. This has ndlte range 8—100 K a rapid decrease of the lasing has been
been observed; however, it was shown in Ref. 26 that thebserved forT, ;=150 K, and no stimulated emission has
transfer rate of excitons into the QW increases with temperaeccurred above 200 K. Further improvement in the architec-
ture, and at sufficiently high temperatures is overcome byure and/or composition of the GRINSCH systems is there-
recombination through nonradiative channels. This may refore indispensable to comply with demands for the realiza-
sult, together with temperature variations of waveguide proption of laser diodes operating at room temperature.
erties of the GRINSCH structure, in a maximum on the gainConcerning the mechanism which rules the laser action, our
curve vs temperature. The steeper “edge” of the Fermi dis+esults point, in accord with other reports*?°to the im-
tribution in the vicinity of the Fermi level at lower tempera- portant role of the excitonic system in 11-VI QW's.
tures may then account for the fact that there is a modest In particular, we have observed a fine structure in the
high-energy side spreading of the stimulated emission spestimulated emission spectra that we interpret as a manifesta-
tra in Fig. 4b) (T,.=8.5K) and, conversely, a more tion of individual (homogeneously broadenecontributions
gradual Fermi distribution edge at higher temperatures magf localized excitons. This represents direct evidence of in-
allow the high-energy side of the spectrum to spread considvolvement of localized excitons in the optical gain formation

erably, as observed in Fig(& (Tpa=70 K). in (ZnCdSe/ZnSe QW systems.
Figally, we wish to mention that quite recently Mikulskas
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